Fibre optic sensor systems have been developed for characterisation and monitoring of structural elements. The particular application area reported here is on testing of pultruded composite beams. Demodulation schemes for in-fibre Bragg grating strain sensors using either Acousto-Optic tuneable filters or passive techniques are described. It is found that the fibre optic sensor measurements correspond well with those of standard electrical gauges, and demonstrate their potential as on-line structural diagnostic devices.
Introduction
Fibre-reinforced polymer (FRP) composites offer great potential benefits for structural/civil applications. These include high strength-weight ratios, durability and good fatigue behaviour. However, in spite of this great potential, these materials have not found significant service in structural applications. This is mainly due to low levels of confidence in the material properties and limited familiarity of their use within a structural engineering context.
The initial aims of the exploratory project reported here are to characterise and test pultruded composite beams using fibre optic sensors, and to compare the performance with that of standard strain gauges. Characterisation of the beams using embedded sensors should enable a deeper understanding of the composite beam elastic behaviour and failure mechanisms. Such data should also demonstrate the potential for use in future in-situ health monitoring of structures.
Composite specimen selection and its manufacture
The specimen tested is a 3.1 metre long H-section beam, with a nominally 203 x 203 mm cross-section, and a uniform 9.5 mm thickness. The specimen stock is a commercially available pultrusion [1, 2] . The fibre reinforcement consists oflaminae of glass fibres within a polyester matrix. Two types of laminae are used: unidirectional running along the beam length and continuous random mat.
Properties under various loading conditions of this and nominally identical stock are reported in References 1 and 2. Specimen material properties have been measured using standard techniques, and the modulus in the main axial direction was found to be 20 GPa, in reasonable agreement with the 21 GPa provided by the manufacturer.
3. Fibre optic strain sensor implementations For practical structural monitoring with fibre optic sensors there are several advantages inherent in using fibre optic Bragg grating based sensors, including insensitivity to optical power fluctuations due to the wavelength encoding, easy multiplexibility, and point-like measurement capability. For these reasons Bragg gratings have been chosen for the fibre optic sensors employed in this work.
The principle of operation is measurement of the wavelength position of the signature narrow bandwidth (typically 0.5 om) reflected signal of the in-fibre Bragg grating. This wavelength is very sensitive to and moves approximately linearly with strain applied along the fibre axis. This sensitivity is typically of the order of a 1 om shift per 1000 11strain. By broadband illumination (typically 50 nm bandwidth sources are employed), and measurement of the position of the reflected wavelength peak to suitable precision, the grating may thus be used as a strain sensor.
Gratings are commercially available and are written into the core of an optical fibre using a high power laser; the fibre is unaltered in its dimensions (typically 0.25 mm protection coated diameter) or mechanical performance. The grating (i.e. gauge length) is usually between 5 and 10 mm in length. It is useful to note that transverse strains and temperature changes may also produce wavelength shifts that may lead to errors.
A means of accurately monitoring the wavelength changes is essential. Because in a practical system we wish to avoid the need for a costly optical spectrum analyser, or other active device, a passive, all-fibre approach to demodulation has been developed. A system employing an active tuneable Acousto-Optic (AO) filter based system has also been explored.
Passive all-fibre demodulation
Operation is based on the movement of the grating signal along the slope of a wavelength filter. The filter has two complimentary outputs, the ratio of which is taken and used as the output signal. This signal increases or decreases, in correspondence with strain-induced wavelength changes in the Bragg grating, and is insensitive to fluctuations in returned optical power levels. The system has been implemented in two variants; one uses the filter-like response of a custom-made over-coupled fused tapered 1x2 directional coupler, the other employs a commercially available in-line filter.
The directional coupler's filter-like behaviour has been previously reported [3, 4] ; hence only the principle of operation will be described here. The coupler is formed by fusing and stretching a short section of two optical fibres together, leading to optical interaction between them. This interaction becomes stronger with increased stretching, as does the sensitivity to wavelength of the power splitting ratio (ratio of the two outputs), and the optical power transfers cyclically between the two fibres. An over-coupled coupler has been stretched through many such cycles of power transfer at a particular wavelength, and the wavelength period of power transfer may be made as small as twenty or thirty nanometers for a practical device. Schematic of a Bragg grating passive demodulation system. Depending on the desired strain sensitivity, the ratiometric detectors may be over-coupled couplers (less sensitive) or in-line filters (more sensitive).
As the demodulation device of a Bragg grating sensor system, the coupler's splitting ratio is then very sensitive to small changes in the reflected Bragg wavelength. Ratiometric detection of the two outputs of the coupler produces an electrical output approximately linear with wavelength when set to operate around the equal splitting point in the coupler's sinusoidal response.
A single-channel all-fibre Bragg grating scheme is shown schematically in figure 1 . The passive ratiometric detector may be either in-line filters or over-coupled couplers, depending on the sensitivity required. The in-line filters used in the second variant of the system are commercially available filters with fibre pigtails intended for use in WDM systems. The optical bandwidth of the filters we have employed is 5 nm. The filter slope is therefore much steeper than that possible with the over-coupled coupler, and hence is more sensitive for a given noise level. However, the maximum wavelength shift allowable for linear operation is smaller, and the in-line filters are more costly than the fused tapered couplers.
Acousto-Optic filter demodulation
An Acousto-Optic filter provides a relatively straightforward means of actively tracking Bragg grating wavelength changes [5] . The AD filter we have employed has an optical bandwidth of 1.5 nm. When inserted in the retum path from the grating, the output from the filter will rise from zero for a complete mismatch to a maximum when the grating and filter centre wavelengths are exactly matched. In the present system the pigtailed tuneable filter is placed just prior to the optical detector, and is scanned through the Bragg reflection wavelength(s) under computer control. Recorded signals are analysed in software to determine the peak wavelength, and hence strain for each cycle.
In our experience, a drawback of this scheme is the poor frequency response, which has caused problems during dynamic testing. For example, results during loading and unloading have demonstrated hysteretic type behaviour, exaggerated for fast ramps. In contrast, the passive scheme outlined above has no such bandwidth limitations.
Pultruded beam characterisation

Experimental configuration
In order to characterise and evaluate both the beam and optical fibre sensor performances, electrical and optical strain gauges have been employed and results compared on a simple three-point bend test configuration. A knife-edge and roller at either end of the lower flange span (3m span), and a roller connected to a single-acting hydraulic jack at mid-beam on the top flange, were employed.
The beam was instrumented at mid-length with electrical strain gauges and optical fibre Bragg grating sensors positioned on the bottom (tension) flange of the beam. Pairs of optical and electrical gauges whose outputs were to be directly compared were placed as close together as possible. Load cell and displacement measurements at the beam centre were also taken in order to corroborate the data using simple strength of materials theory.
The fibre optic sensors were demodulated with the passive (both over-coupled coupler and in-line filter variants) and the AD tuneable filter schemes in order to compare their relative performances outside the optics laboratory. Two differing fibre sensor attachment methods have also been explored. In the first method, the sensor is simply attached to the surface of the beam flange using a standard electrical strain gauge epoxy, completely covering the fibre for protection and to ensure a good bond. In the second method, which we will term 'surface embedding', a groove is made in the flange, just deep and wide enough to accept the optical fibre, such that the fibre is below, or at least flush with the surface. The fibre is. attached into this groove with the same epoxy type as above, such that the epoxy just fills the groove resulting in a smooth finish. One impetus for this latter approach is that it has proved difficult to date to obtain elements with truly embedded fibres from the pultruder, thus this post-embedding process may prove valuable in practical applications.
Experimental results
Agreement between the standard strain measurements and those predicted using simple strength of materials equations based on load cell and displacement measurements was accurate to within 5 %. This is a satisfactory value if we consider that pure three-pointbending configurations are difficult to achieve. This also allows us to proceed to comparisons of the standard and optical sensors in the confidence that it is unlikely that any localised effects in the beam exist which could produce erroneous results. 
o 100 200 300 400 500 600 700 800 900 1000 applied strain (ustrain) Figure 2 . Comparison of electrical strain gauge and optical fibre Bragg grating sensor strain measurements using an over-coupled coupler demodulation scheme.
A typical comparison of strain measured by collocated electrical and Bragg grating sensors is shown in Figure 2 . The demodulation scheme employed an over-coupled coupler. This result is noticeably less linear than has been observed with an identical optical sensor attached to a short cantilever beam in a more controlled laboratory environment using the same demodulation scheme [4] . Due to the influence of polarisation on the splitting ratio of the over-coupled coupler, this particular scheme is very susceptible to environmental disturbances (mechanical, temperature etc.) which cause polarisation to drift in the fibres. The observed measurement non-linearity is therefore mostly due to such environmental factors.
Typical measurements of strain in the Bragg grating using the in-line filter scheme are shown in Figure 3 . A slight non-linearity may be observed due to the non-linear filter characteristics over this strain range. Figure 4 .
Comparison of electrical strain gauge and optical fibre Bragg grating sensor strain measurements using an AD tuneable filter demodulation scheme for a surfaceattachedsensor.
In figure 4 , the grating is surface attached, whereas that in Figure 5 is surface embedded. In both cases the demodulation scheme response is fairly linear with applied strain. However, the absolute values differ by about 10 percent, with the surface attached sensor measuring lower than expected. We believe this discrepancy is due to differences in strain transfer or strain reinforcement resulting from the differing attachment techniques. grating strain measurements using an AO tuneable filter demodulation scheme.
Discussion of results
Fibre optic sensors have been demonstrated to be potentially useful tools in the characterisation of structural composite materials. They have been calibrated on pultruded composite beams under simple loading conditions. No significant hysteresis in the measurement was observed during cyclic loading. The over-coupled coupler demodulation scheme proves to be very noise-prone in Structural Mechanics applications, as opposed to the optical laboratory environment. The passive scheme, using the in-line filter, gives satisfactory results up to 1000 ustrain. The AO tuneable filter scheme also performs well; however, it has been found to be slow to pick up dynamic signals, particularly during cyclic loading.
Current work is focusing on improving results for the attached sensors, and more fully characterising the beams. We are also exploring the possibility, in co-operation with composites manufacturers, of embedding fibre optic sensors at the fabrication stage.
